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Abstract 
Formation and flame stability of heptane droplets in a quartz tube with inner diameter of 4mm were 
experimentally studied. In the case of no external heating, droplet dropping behavior and flame stability 
are discussed. The results show that droplet is easily formed at tip of the capillary tube under no external 
heating condition, and flame is mainly influenced by droplet falling when heptane flow rate (Qf) is lower 
than 40ul/min, flame is stable with Qf=20ul/min and extinguish with dripping when Qf=30ul/min. when 
Qf is larger than 40ul/min, the flame is not easily affected due to formation of fuel film on the tube wall. 
Then, flame stability of heptane droplet was studied under external heating condition. It was found that 
when Qf is smaller than 60ul/min, no droplet is formed due to the higher wall temperature when Qf is 
larger than 60ul/min, no liquid film is formed, The flame becomes more stable under fuel-rich condition 
than the fuel-lean condition. Heat recirculation can effectively preheat the inner tube and can increase 
heptane evaporation, but flame oscillation may occur due to droplet falling and fast evaporation. 
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1.  Introduction 
In recent years, a large number of electronic devices were usedˈwhich requires long lifetime and 
small high energy density battery system. Micro burners may play a vital role in the portable production 
of energy [1]. Hydrocarbon especially liquid hydrocarbon can act as the fuel of micro combustor due to 
its high energy density of burning.  As the combustor size is reduced, the combustor surface to volume 
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ratio increases dramatically, creating strong thermal and chemical couplings between flame, flame-solid 
interface, and combustor structure [2]. In the previous studies, researchers conducted a lot of investigation 
using gas fuel through experiment and computation method. For actual using, comparing with liquid fuel, 
gas fuel is difficult to be used widely due to the storing, carrying and energy density problems. Problems 
such as liquid fuel injection, evaporation, mixing and flame stability are still the challenging issues. In 
order to increase the evaporation of liquid, electrospray technique was adopted to make fuel atomizing,  
but it requires a high level of energy, and complicated operation [3]. In addition, we can also use porous 
media [4], wire mesh [5] and catalysts [3] to increase evaporation and combustion efficiency. There are 
also many scholars searching the characteristics of regenerative burner to improve combustion efficiency 
and stability [6], but lacking the direct study on combustion characteristics of the fuel droplet in micro 
space. In order to study the combustion characteristics of liquid fuel in the micro-scale space under 
normal temperature and external heating condition, we conducted an experimental study in which the 
liquid n-heptane was used as fuel. 
2. Experimental methods 
Fig.1 shows structure of the micro combustor, which is made of a quartz tube with inner diameter 
(ID) of 4 mm and outer diameter (OD) of 6 mm. A stainless steel capillary with 0.18 mm ID and 0.4 mm 
OD is placed at the center of the quartz tube. A cylindrical nickel foam with 25 mm length, 4 mm 
diameter is used to support the capillary, and the distance between the nickel foam and capillary needle is 
8 mm. The combustor was heated by an electric heater which was placed under the tube and a stationary 
temperature profile from ambient temperature to 200ćwas formed along with the outer surface of the 
tube, as shown in Fig. 1. Compressed air entered into the quartz tube from the left side. A mass flow 
controller (D0727A/ZM), with a range of 5 SLM (standard L/min) and error of less than 1% of full scale, 
was used to control the flow rate of air. Liquid n-heptane was injected by a 20mL syringe from the 
stainless steel capillary to the combustor, and the fuel flow rate was controlled by a syringe pump 
(LSP01-1A). Wall temperature of the reactor and the exhaust temperature were measured using K-type 
thermocouples( diameter 0.5 mm), and the measurement error is in the range of f0.15% (400 ̚ 
1300 ć). In addition, a digital microscope (30/s frame frequency) and a digital still camera (Canon 
HF200) were used to record the position and shape of droplet and flame, placed in the front of the 
combustor. According to power demand of a micro power device, in this paper experiments are carried 
out under conditions of equivalence ratio (ER) of 0.7-1.3and heptane fuel flow rate of 20ul/min-90ul/min. 
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Fig. 1 Schematic diagram of the micro-tube combustor 
3ˊResult and discussion 
3.1ˊCombustion characteristics of n-heptane droplet in micro combustor without external heating  
When there was no external heating, droplets were easily formed at the capillary tip and flame 
oscillation is caused. Fig. 2(a) shows that when Qf is 20ul/min, a stable flame stays in the tube at ER of 
0.8-1.3, but it can be easily blown off due to higher air velocity at ER of 0.7. When Qf is 
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30ul/min, liquid droplet falls on the wall at ER of 0.7 and 0.8, but the flame is easily blown off due 
to increased mixture velocity. When ER is increased to 0.9, droplet size is unchanged and stable flame is 
formed in the tube. At ER greater than 1, after the mixture is ignited at outlet the flame moves into the 
tube. But with increasing of the droplet size, the flame position changes and extinguishes in the case of 
droplet falling. The reason is that evaporation rate of n-heptane is greatly affected by air flow under no 
heating condition. At ER of 0.9, fuel evaporation rate equals fuel injection rate and stable flame occurs in 
the tube. But when a fuel droplet falls, it is heated by the hot wall, and the evaporation area is increased 
dramatically, leading to flame extinguishment. When Qf is greater than 40ul/min, a stable liquid film 
formed on the tube wall. Due to existing of fuel film, the evaporation rate does not change dramatically 
along with falling of droplets, and flame stays at the tube exit. 
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Fig. 2 (a) Flammability limits under no heating condition (b) Selected frames from combustion of droplet when Qf is 30ul/min 
and equivalence ratio is 1.1(c) Droplet height and the distance from capillary exit to flame root 
Fig. 2 (b) shows flame propagation and droplet generation sequence at ER of 1.1. Fig. 2 (c) indicates 
that in the presence of an igniter, the average droplet falling period is 22.7s and 19.5s respectively for ER 
of 1 and 1.1. The droplet height increases with time, and the maximum heights are 1.69mm and 1.86mm 
for the two cases. The flame moves into the tube when a droplet appears, the required time are 7.19s and 
6.04s respectively. And the flame position changes little before droplet falls. The reason is that 
alternatively appearing of fuel film and droplet changes local equivalence ratio, leading to changing of 
flame speed and flame movement. It can be concluded that in the absence of heating, combustion limits of 
droplets in the tube is very small, and flame is easily blown off. When fuel flow rate is large, the 
combustion state changes due to formation of stable liquid film. To improve combustion stability and 
reduce combustion oscillation, it is necessary to use external heating. 
3.2. Combustion characteristics of n-heptane droplet with heating temperature of 200ć 
The tube combustor is heated by a heater to wall temperature of 200ć. Fig. 3(a) shows that when 
there is an external heating and Qf  is less than 60ul/min, heptane becomes vapour in the capillary tube. 
There is no droplet and the flame can easily stays inside the tube. When Qf larger than 60ul/min, droplets 
are formed at the tip of the capillary. At low ER, flame extinguishes when the droplet falls due to no film 
formed. In the case of ER greater than 1 or air flow velocity less than 0.955m/s, it was not easy to make 
the flame extinguish when droplet falling. Stable flame is easily formed in the tube when Qf is 20ul/min 
except ER of 0.7. In such case the flame extinguishes in the tube after oscillating. 
 Fig. 3(b) shows the flame shape. We can find that when Qf is 20ul/min, heptane vapor is ejected 
from the capillary tube.  At ER of 0.8 and 0.9, the air velocities are 0.28 m/s and 0.25m/s respectively and 
the flame is far from the capillary tip. In the case of ER of 1.0-1.3, the air velocity is in the range of 0.17 
m/s and 0.23m/s, and the flame stays at the capillary exit. Additionally, Fig. 3(c) that when ER is 1.3 and 
Qf is 90ul/min, in the case of external heating, there is a flame oscillation and large exhaust temperature 
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oscillation due to droplets falling on the hot wall and dramatically increase of fuel evaporation rate. But 
there is no temperature fluctuating in the case of no heating. In the case of heating, the tube wall 
temperatures are unchanged due to external heating.  But they are higher than their counterparts under the 
condition of no heating.  
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Fig. 3 (a) Flammability limits of droplet for heptane/air mixture under heating condition(b) Stabilized flames inside tube at 
Qf=20ul/min (c) Temperature of tube wall and exhaust gas at Va=0.77m/s, Qf=90ul/min, ER=1.3 
4. Conclusion  
Combustion characteristics of n-heptane droplets in a micro-tube were studied experimentally. It is 
found that without external heating, droplets easily form and combustion instability is caused. When Qf is 
larger than 40ul/min, liquid film appears when droplets fall. But when Qf is no larger than 30ul/min, there 
is no film formed and flame extinguish occurred easily due to droplet falling.  In the case of external 
heating, no droplet is formed and a stable flame stays in the tube when Qf is no larger than 50ul/min. 
when Qf is 90ul/min, a droplet appears at the capillary tip and flame oscillation occurs when droplet falls. 
The exhaust temperature fluctuates with periodical forming and falling of droplets. 
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